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T H E ELECTRICAL AND OPTICAL PROPERTIES OF 
METALLIC SELENIUM. 

BY A. H. PFUND. 

IN an earlier paper1 I published the results of some experiments 
which were carried out to determine the variations in resistance 

of metallic selenium2 with the wave-length of the incident light. It 
was found that while the blue and infra-red regions of the spectrum 
had but little effect, light of wave-length l = 700 [i p. produced a 
very large change in resistance. In fact the so-called " sensibility 
curve" showed an extremely pronounced maximum at this point 
It was then suggested that some relation might exist between the 
electrical and optical behavior of selenium, but, inasmuch as no data 
on the optical properties were available, it was impossible to draw 
any conclusions. In this paper the absorption and reflection 
curves of selenium are given and a more exact determination of the 
sensibility curve is presented. While the reflection and absorption 
curves show no maxima in the region of the maximum sensibility, it 
nevertheless seems possible to account for the existence of this maxi
mum by taking into consideration the peculiarities presented by the 
electrical conduction in thin films. A tentative explanation is offered 
to account for the phenomena observed and experiments are pre
sented in support of the explanation. 

Unfortunately other work has made it necessary that the investi
gation of selenium be temporarily discontinued, and under these 
conditions it seemed advisable to publish the results thus far ob
tained. At the very earliest opportunity, I hope to return to the 
work. 

SELENIUM CELLS. 

The process employed in the making of selenium cells is, in real
ity, very simple. A piece of plane glass 1 x 3 X o. 1 cm. is ground 

1 Phil. Mag., 7, p. 26, 1904. 
2 Unless otherwise specifically mentioned, it is understood that the metallic modifica

tion is being discussed whenever the term "selenium" is used. 
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with emery on one side and some highly purified amorphous sele
nium is spread over the ground surface by means of a hot glass 
rod. The thickness of layer is such that in transmitted light the 
film, in its thinner portions, appears deep ruby red. Next, four 
strands of no. 30 bare copper wire are wound around the cell in 
such a manner that the entire selenium surface is covered. After 
binding the loose ends of the wires to the glass plate, the second 
and fourth wires are unwound, thus leaving the first and the third 
separated by a distance equal to the diameter of a wire. To make 
the cell light-sensitive, it is placed in an air-bath, previously heated 
to 1800 C. and is permitted to remain there until the transformation 
from amorphous to metallic selenium has taken place — an interval 
of time not exceeding five minutes. Where this transformation is 
complete, the cell is taken out and is permitted to cool down to room 
temperatures. Although this procedure this probably not the one 
yielding cells of the highest sensibility, it nevertheless has proved 
entirely trustworthy thus far, as every cell has been a success. The 
resistance of these cells is of the order of 2 x io7 ohms and the 
sensibility is such that a 16 c.p. incandescent lamp, at a distance of 
30 cm., increases the conductivity of the cell by about ten times. 
In order to protect the cells from moisture (thus making them 
permanent), they are either placed in a glass tube which is subse
quently exhausted on a Geryk oil pump or are fastened to a piece 
of plane glass or mica with soft wax. 

SENSIBILITY CURVE. 

In order to determine the variations of electrical resistance of 
selenium with wave-length of incident energy, the method of pro
cedure followed out was practically the same as that employed in 
my previous work.1 By means of an ocular slit, a narrow region 
of the spectrum was isolated and permitted to fall on a selenium 
cell, whose change in resistance was recorded by galvanometer de
flections. As before, the energy carried by each bundle of approxi
mately homogeneous radiations before being permitted to fall on 
the selenium cell, was reduced to the same value in each case — 
thus making the results obtained independent of the distribution of 

1Pfund, 1. c. 
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energy in the spectrum of the source employed. Instead of re
cording, as previously, the throw at the galvanometer spot of light 
after an exposure of the selenium cell to light for ten seconds, in 
the present work the maximum deflection was taken, even though 
the time of exposure had to be prolonged to two or three minutes 
or more. The arrangement of apparatus is shown in Fig. I. 
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Figf. 1. 

The light from a Nernst lamp at N> after being concentrated on 
the slit Sx of the spectroscope, was resolved into a spectrum, of 
which a narrow portion was transmitted by the slit S2. This isolated 
bundle of homogeneous rays was reflected from a short-focus con
cave mirror at M and was finally concentrated on the blackened 
junction of a Boys radiomicrometer R. At will, the selenium cell 
c could be moved to the position cf so as to intercept the beam of 
light. In order to vary the intensity of the light, a smoked glass 
"optical wedge" was introduced at W, and a screen for cutting off 
the light entirely, at A. The selenium cell was connected in series 
with a 20-volt storage battery B and a dead-beat D'Arsonval gal
vanometer G. A shunt at K made it possible to vary the galva
nometer sensibility from 3 x io~9 amperes, down. As previously 
stated, the energy of each bundle of homogeneous radiations, be
fore being permitted to fall on the cell, was, in each case, reduced 
to such an amount that it produced a radiomicrometer deflection of 
30 mm. The selenium cell was then exposed until a maximum gal
vanometer deflection was reached. The results obtained are given 
in the table below (Table I.) and are plotted in Fig. 2. 
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TABLE I. 

A i n fifi. 

435 
454 
463 
482 
511 
535 
570 
597 
630 
655 
667 
675 

Galv. Defl. 

25 mm. 
24 
22 
21 
21 
23 
24 
25 
28 
50 
80 
96 

A i n /xfx. 

683 
692 
700 
711 
722 
745 
787 
842 
950 

1005 

Galv. Defl. 

106 mm. 
115 
120 
116 
108 
83 
25 

9 
2 

r-l 

REFLECTION CURVE. 

The mirror of metallic selenium was made by pressing a hot glass 
plate into contact with a pool of molten selenium which was then 
transformed into the metallic state. After many unsuccessful at
tempts it was found that the selenium layer had to be at least 2 mm. 
thick in order to avoid the deformations of the reflecting surface which 
otherwise appear when a thinner layer is transformed into the metal
lic state. If the process of transformation has been successful, it is 
found that the selenium mirror has let go entirely of the glass and 



328 A. B. PFUND. [VOL. XXVIII. 

has an excellent, " plum-colored " optical surface. The mirror ac
tually used had an area 8 x 1 2 mm. — and an optical surface which 
left little to be desired. 

Measurements of the reflecting power were obtained by determin
ing the ratio of the radiomicrometer deflections when light was re
flected from the selenium mirror, and then, from a silver mirror — 
the angle of incidence in both cases being 5 °. Knowing the reflect
ing power of silver,1 the true reflecting power of selenium is obtained 
at once. The method of mounting the mirrors and the general 
details of the procedure were identical with those described in an 
earlier paper2 and, therefore, need not be repeated, here. The results 
obtained are given in Table II., and are plotted in Fig. 3. 
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Fig. 3. Wave-length. 

ABSORPTION CURVE. 

Films of amorphous selenium, which appeared red by trans
mitted light, became absolutely opaque upon being transformed into 
the metallic state. The only procedure which seemed available for 
making thin films of metallic selenium was the one by which the 
selenium is deposited by cathode discharge. In order to produce 
such films the usual type of vacuum chamber was used — the glass 
plate upon which the selenium was to be deposited being placed 

1 Hagen and Rubens, Annalen d. Physik, 8, p. I, 1902. 
2Pfund, Ap. Jour., XXIV., I, p. 19, 1906. 
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TABLE II. 

A i n fifi. 

463 

511 
535 
570 
597 
630 
667 
700 
765 
842 
905 

1005 

Deflections in mm. 

Sel. 

28.2 

35.7 
45.7 
34.3 
38.8 
34.8 
35.7 
38,2 
37.7 
39.1 

37.0 
38.0 

A*. 

95.0 
125.0 
156.0 
115.7 
125.0 

115.5 
123.0 
137.0 
141.5 
155.2 
149.0 
155.0 

Percentage Reflecting Power. 

Uncorrected. 

29.7 

28.6 
29.3 
29.6 
31.0 
30.2 
29.1 
27.8 
26.7 

Corrected. 

27.0 
26.3 
27.0 
27.2 

28.7 
28.1 
27.3 
26.1 
25.2 

25.3 23.8 
24.8 23.7 
24.5 j 23.5 

2.5 cm. below the upper (aluminium) electrode which had previously 
been covered with metallic selenium. Heretofore it has been cus
tomary to employ the current from the secondary of an induction 
coil, or from a high potential storage battery. It seemed to me 
that, since the base of the vacuum chamber was an aluminium plate 
(which served as the other electrode) and since aluminium is not 
deposited, it might be possible to use a high potential alternating 
current to produce the deposit of selenium. Consequently, the 
current supplied by the secondary of a small transformer was used. 
By connecting the secondary which gave 1,000 volts, to the dis
charge vessel it was found that a heavy deposit of selenium was 
produced in two minutes. Unfortunately, the film was granular and 
hence unsuitable ; however, hard, continuous films were obtained 
by introducing resistance into the primary circuit and thus cutting 
down the secondary current until the time of deposit was increased 
to about four hours. Curiously enough, while the selenium on the 
electrode was in the metallic state, the selenium deposited on the 
glass plate was in the amorphous state. 

A great source of difficulty was encountered when it was 
attempted to transform the film into the metallic state. In spite of 
every precaution, the selenium, upon being heated, would persist in 
drawing itself up into small globular masses — thus making the 
film discontinuous. Although the proper conditions for producing 
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metallic films have not as yet been found, I did succeed, by pure 
chance, in obtaining a film which was in every way satisfactory. 
This film, which had the dimensions .9 x 1.2 x 4.5 * io~6 cm. 
appeared grayish brown in transmitted, and plum-colored in 
reflected light. 

Ordinarily, when absorption measurements are carried out on 
thin films, it is customary to employ two films of different thickness 
so as to eliminate all other effects except those occasioned by the 
change id absorption of a film having a thickness equal to the 
difference in thickness of the two films in question. Inasmuch as 
but one film was available, it was necessary to make observations 
on, and later, corrections for the various losses by reflection. (The 
losses due to absorption in the glass plate were found to be negli-

SQO 600 7C0 SQO SOO/4/ti. 

Fig. 4. Wave-length. 

gible.) Furthermore, in the determination of film thickness by 
means of interference fringes, the effects of phase change are simi
larly eliminated by employing two films of different thickness. 
Since but one film was at hand, the measurements here given are, 
necessarily, not as exact as those which could be obtained from 
two films. As soon as I shall have succeeded in obtaining the 
desired films, I hope to repeat this work. For the present, how
ever, the results are sufficiently accurate to make it permissible to 
draw conclusions from them. 
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The observations on absorbing power were obtained in the usual 
manner by the use of the spectrometer and radiomicrometer. As 
previously stated, the film thickness was found equal to one tenth 
of the wave-length of blue light, i. e.% 4.5 x icr6 cm. The results 
are plotted in Fig. 4, where the terms " Percentage Absorption " 
are defined by the expression 

T 
1 /(T^lty 

where lis the intensity of the incident light, T the intensity of the 
transmitted light, and R the percentage reflection of the system. 

DISCUSSION OF RESULTS. 

For the ease of discussion, the reflection, absorbtion, and sensibility 

curves are plotted together in Fig. 5. From these curves it is evi-

Fig. 5. 

dent that no marked maxima or minima of absorption or reflection 
occur near 700 pp. As the optical properties by themselves fail 
to account for the sensibility maximum, I have been led to take 
into account another effect which thus far, I think, has not been 
connected with this problem. 

At the present time it is quite generally acknowledged that the 
conduction in selenium is electronic and not electrolytic in character. 
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Selenium cells which I had made several years ago (and which had 
been preserved in an evacuated bulb) failed to show the least traces 
of polarization, after having been connected for several hours with a 
I io-volt direct current dynamo. Again, cells were made from highly 
purified selenium, which, in one instance, was deposited on glass by 
distillation in vacuo, and in the other by cathode discharge. Both 
cells conducted and showed sensibility. Although by no means defi
nitely proved, it seems very probable that the changes in resistance 
upon exposure to light are due to the selenium itself and not to 
selenides, which are present as impurities This view is supported 
by my earlier experiments, which showed that the position of max
imum sensibility is uninfluenced by the chemical nature of the sel-
enide which had been mixed with the selenium. For the present, 
then, it will be considered that the conduction is electronic, — the 
selenium itself supplying the electrons. 

Upon this view it is considered that light, in falling upon selenium 
and in being absorbed, sets up resonance within the atom, and this, 
in turn, gives rise to an expulsion of electrons, — thus increasing the 
number of electrons available for carrying the current, and hence, 
increasing the conductivity.1 Inasmuch as absorption and reso
nance go together, it might be expected, in passing through the 
spectrum from the infra-red toward the shorter wave-lengths, that, 
as the absorption continuously increases, the conductivity would 
also continuously increase, yielding the largest values in the blue 
where the absorption is the greatest.2 This deduction is not veri
fied by experiment, and it is at this point that the new element, pre
viously alluded to, enters into the problem. 

Longden,3 Vincent4 and Patterson5 have shown that the 
specific resistance of metallic films remains constant until a thick
ness of about 5 x io~6 cm. is reached, after which the specific re
sistance increases very rapidly with a decrease in thickness. J. J. 

1 It is held the change in conductivity is the internal manifestation on an effect whose 
external manifestation is known as the " photo-electric effect." 

2 Since the reflecting power does not suffer marked changes, it is not necessary to take 
into consideration the variations in the amounts of energy which actually penetrate into 
the selenium. 

3 P H Y S . REV. , Vol. XL, p. 40, 1900. 
4 Annales de Ch. et Physique, 7, XIX., p. 421, 1900. 
5 Phil. Mag., 56, p. 652, 1902. 
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Thomson then showed that this rapid increase in resistance could 

be accounted for on the assumption that the change sets in when 

the thickness of film becomes less than the mean free path of the 

conducting electrons within the metal. The curve for silver, as ob

tained by Patterson, is given below in Fig. 6. Attention is to be 

called to the fact that the 

results of the various 

observers are not en

tirely in accord as to the 

"c r i t i ca l " thickness at 

which the change of re

sistance sets in. Again, 

the results are not the 

same for different metals 

or even for the same 

metal (at least as inferred % 

from the variations 

specific resistance) when 

the films are produced 

by different methods. 

All of these points taken 

into consideration make 

it safe, I think, to place 

the critical thickness at a 

value which is of the 

order of magnitude of 

a 
in g 

4 
Thickness. 

Fig. 6. 

6 X tO"6 cms, 

These results appear to apply directly to the conduction in a 

selenium cell. The absorption curve shows that the incident energy 

is largely absorbed in a film whose thickness is of the order of 

magnitude of the " cri t ical" thickness. Furthermore, since the 

conductivity of a cell may easily be increased ten times or more by 

illumination and since the thickness of surface film carrying this 

increased current is infinitesimal in comparison to the thickness of 

the selenium layer (which in this case was about 0.01 mm.), it is 

evident that the conductivity of the surface film must be compara

tively high. This state of affairs is, then, considered comparable 
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with that of a thin metallic film deposited on glass. Now then, 
beginning in the infra-red, where the depth of penetration of radia
tion is greater than the " critical " thickness, it is observed (Fig. 5) 
that the conductivity increases rapidly with increased absorption. 
However, in passing through the region of X = 700 fj.fi where the 
absorption increases very rapidly, the depth of penetration, and 
hence, the thickness of current-carrying layer becomes equal to, 
and then, less than the critical thickness. It is in this region that 
the enormous decrease in conductivity with thickness makes itself 
felt and not only neutralizes the effects due to absorption, but 
actually causes a sharp drop in conductivity. 

In using the terms " depth of penetration " it is tacitly assumed 
that the light is effective in producing changes in resistance only 
until the amplitude has died down to a certain minimum value, 
below which its effectiveness is lost. This fits in with the resonance 
theory, for the increased amplitude due to resonance must exceed a 
definite minimum value before electrons are expelled from the atom. 

It follows as a necessary consequence of this explanation, that, if 
the wave-length at which the maximum of sensibility occurs, de
pends upon the depth of penetration of light, then, as the intensity 
of the light (and hence, its penetration) is changed, the position of 
the maximum ought to shift — the shift being toward the shorter 
wave-lengths with increasing intensity. The experiment devised to 
test this consequence was carried out as follows : A single reflecting 
surface of plane glass, mounted behind the ocular slit of the spec
trometer projected upon the selenium cell a bundle of monochromatic 
radiations whose intensity was but 5 per cent, of that incident upon 
the glass reflecting surface. (Any scheme involving the use of a 
rotating sector, or of varying the position of the cell in the diverg
ing beam of light would have been objectionable for obvious 
reasons). Without reducing the intensities of the various beams of 
monochromatic light to the same values, as before, galvanometer 
deflections, proportional to changes in resistance, for various wave
lengths in the region of maximum sensibility, were obtained. Next, 
the glass mirror was removed and the selenium cell was placed in 
the direct path of the beam emergent from the spectrometer and a 
series of readings similar to the preceding ones was obtained. Care 

fj.fi
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was taken to see that such elements as the current passing through 
the cell, order of magnitude of galvanometer deflections, etc., were 
the same in both cases — thus leaving the single point of difference 
that in one case the intensity of the energy falling on the cell was 
but one twentieth of the other. The results obtained are plotted in 
Fig. 7 where the solid curve {a) corresponds to the changes in re-

tso 

wo\ 

Too 

sistance for the intense light, and the dotted curve (6), for the weak 
light. It is at once apparent that by increasing the intensity of 
light, the position of the maximum in curve (a) has been shifted 
toward shorter wave-lengths. This observation is entirely in accord 
with previous deductions. 

In carrying out these measurements it was noted that a marked 
difference existed in the time required by the resistance of the cell 
to reach an equilibrium condition when the intensity of light was 
varied. The time required by the intense light was certainly not 
greater than I 5 seconds (time required by galvanometer to reach 
steady deflection), while, for the weak light, the time had to be pro
longed to about 3 minutes. Again, the necessary time of exposure 
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was less for the wave-lengths lying on the blue side of the maxi
mum, than for those lying on the red side. These observations 
seem suggestive when it is recalled that Lenard l and others2 found 
similar results in their study of the photo-electric effect when in
tense and weak sources of light were used. It is my intention to 
study, in the near future, the photo-electric behavior of selenium for 
different wave-lengths. On the basis of the theory proposed to ac
count for the behavior of the selenium cell one might expect that 
the maximum of photo-electric action would not lie in the red but 
rather in the violet, where the absorption is great. 

There is yet another experiment to test the correctness of the 
previously mentioned explanation. If it were possible to make a 
cell so thin as to be transparent to light, then the thickness of layer 
would be less than the " critical" thickness —and hence the maxi
mum of sensibility in the red might be expected to be absent. An 
attempt was made to transform the transparent film, used in the ab
sorption measurements, into a cell, but, due to poor electrical con
tacts and the high resistance of the film, not enough current could 
be forced through the system to make the experiment successful. 
It was felt that some time would elapse before satisfactory thin-film 
cells could be made, hence it was decided, in view of other pressing 
work, to discontinue the investigation for the time being. 

SUMMARY. 

The results presented may be briefly summarized as follows: 
1. The conductivity or "sensibility" curve of metallic selenium 

has been redetermined. 
2. The absorption and reflection curves have been determined in 

the interval extending from about 450 fift to 1,000////. 
3. An explanation, involving the peculiarities presented by con

duction in thin films, has been offered to account for the existence 
of the maximum of sensibility. 

4. It was found that the position of maximum sensibility shifts 
toward the shorter wave-lengths as the intensity of light is increased. 
This experiment is exactly in accord with the theory proposed. 

J O H N S H O P K I N S U N I V E R S I T Y , 

March, 1909. 

l e n a r d , Ann. d. Phys., I I . , p . 355, 1900. 
2Millikan & Winchester, Phil. Mag., 14, p. 188, 1907. 


